DNA cytosine methylation is a central epigenetic marker that is usually mutagenic and may increase the level of sequence divergence. However, methylated genes have been reported to evolve more slowly than unmethylated genes. Hence, there is a controversy on whether DNA methylation is correlated with increased or decreased protein evolutionary rates. We hypothesize that this controversy has resulted from the differential correlations between DNA methylation and the evolutionary rates of coding exons in different genic positions. To test this hypothesis, we compare human-mouse and human-macaque exonic evolutionary rates against experimentally determined single-base resolution DNA methylation data derived from multiple human cell types. We show that DNA methylation is significantly related to within-gene variations in evolutionary rates. First, DNA methylation level is more strongly correlated with C-to-T mutations at CpG dinucleotides in the first coding exons than in the internal and last exons, although it is positively correlated with the synonymous substitution rate in all exon positions. Second, for the first exons, DNA methylation level is negatively correlated with exonic expression level, but positively correlated with both nonsynonymous substitution rate and the sample specificity of DNA methylation level. For the internal and last exons, however, we observe the opposite correlations. Our results imply that DNA methylation level is differentially correlated with the biological (and evolutionary) features of coding exons in different genic positions. The first exons appear more prone to the mutagenic effects, whereas the other exons are more influenced by the regulatory effects of DNA methylation.
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methylation-associated mutation | exon evolution | genomics | deep sequencing | bioinformatics D NA methylation is a common form of epigenetic modification that is important for a variety of biological functions, including transcriptional silencing (1), genomic imprinting (2), X-chromosome inactivation (3), the silencing of transposons (4), tumorigenesis (5) , and the differentiation of pluripotent cells (6) . DNA methylation is unevenly distributed in the human genome. For example, the CpG islands near the promoter regions of active genes tend to be unmethylated (7) (8) (9) (10) , because methylation in these regions is strongly correlated with transcriptional suppression (8) . It has also been reported that exons tend to be more methylated than introns, and that sharp transitions of methylation occur at exonintron boundaries in human (6) . Moreover, the level of DNA methylation also varies among exonic regions. The levels of DNA methylation in the first exons were reported to be lower than in downstream exons, and tightly linked to transcriptional silencing (11) . In addition, the level of DNA methylation exhibits a slight but sharp step-down at the transcriptional terminal sites (6) .
In terms of molecular evolution, DNA methylation is relevant in two aspects. First, DNA methylation can significantly increase the rate of spontaneous C-to-T mutations at CpG dinucleotides (12) (13) (14) . Therefore, the level of DNA methylation should be positively correlated with mutation rate. Because DNA methylation is unevenly distributed within the gene body, the rate of mutation may vary significantly among different coding exons of the same genes. However, whether the uneven distribution of DNA methylation is correlated with intragene variations in evolutionary rate, and to what extent, remains unexplored. Second, the level of DNA methylation of gene bodies has been reported to be positively correlated with gene expression (6, 15) (although DNA methylation in promoter regions is known to be related to transcriptional repression) (8) . Of note, highly expressed genes are subject to strong selective constraints, and tend to evolve slowly (16) (17) (18) . Hence, highly methylated genes should have evolved slowly. In addition, methylated genes have been suggested to be more functionally important than unmethylated genes, and tend to evolve slowly (19, 20) . However, these observations contradict the proposition that DNA methylation may increase evolutionary rates because of its mutagenic effects. Considering the multifaceted biological roles and the uneven intragene distributions of DNA methylation, we reason that the level of DNA methylation (as well as its spatiotemporal dynamics) may be significantly correlated with intragene variations in evolutionary rate. Such correlations, if any, may result either from the mutagenic effect of DNA methylation, or from its involvement in regulating selectiontargeted biological features (e.g., the expression level) of coding exons. Therefore, it is of interest to investigate how this duality of DNA methylation is reconciled in exon evolution, and how DNA methylation is correlated with exonic evolutionary rate.
In this study, we systematically examine the correlations between regional (exonic) DNA methylation levels and the exonic evolutionary rates of mammalian coding exons. We divide coding exonic regions into three groups: first, internal, and last exons. We then use experimentally determined DNA methylation datasets derived from different human cells to address the following questions: (i) Does the correlation between the DNA methylation level and the extent of CpG depletion (a measurement of methylation-induced C-to-T mutation rate) vary among coding exons? (ii) Is the exonic DNA methylation level related to variations in exonic expression level within the same gene? (iii) How is the exonic DNA methylation level separately associated with synonymous substitution rates (d S ), nonsynonymous substitution rates (d N ), and the d N /d S ratio of individual exons? and (iv) Is the sample specificity of DNA methylation level correlated with the three preceding evolutionary measurements? We demonstrate that exonic evolutionary rates are significantly correlated with the regional variations in DNA methylation level. These correlations may be ascribed to the role of DNA methylation in increasing mutation rate, and possibly to its involvement in the regulations of exonic expression. Interestingly, the two factors appear to be differentially correlated with the evolutionary rates of exons in different genic positions: the first exons are more prone to the increase in mutation rate, whereas the internal and last exons seem to be more affected by the regulatory effects of DNA methylation. Thus, our results reveal that DNA methylation, a prevalent epigenetic modification, may be significantly correlated with exon evolution in an unexpectedly complex pattern.
Results
Distribution of DNA Methylation in Coding Sequences. To investigate the level of DNA methylation in human coding sequences (CDSs), we retrieved single-base resolution DNA methylation data from six human cell lines (6, 7, 21) (Table 1 ). These cell lines span multiple spatial (i.e., blood cells, ES cells, and different fibroblasts) and temporal dimensions (i.e., undifferentiated human ES cells, ES cell-derived fibroblasts, and neonatal fibroblasts). The CpGs that are experimentally determined to be methylated are designated as "mCGs" (Materials and Methods). The CpGs examined in this study represent the majority of CpG dinucleotides in the analyzed human CDSs (Table 1) . Throughout this study, the DNA methylation level is measured by the density of mCG (9) .
It has been reported that DNA methylation is unevenly distributed in different genic regions (which was not measured for individual exons) (7, 9, 10) . To analyze the correlations between DNA methylation and evolutionary rates at the exon level, we should confirm the uneven distribution of DNA methylation for individual coding exons. To this end, we first examine the exonic mCG density of the six cell lines. We observe significant variations in exonic DNA methylation levels among cell types (Fig.  S1A ). This observation is consistent with the results of previous studies (7, 22, 23) . Next, we divide coding exons into three groups: first, last, and internal exons (Table S1) , and compare the average mCG densities of these three groups for each cell type. We show that in all of the six examined cell lines, the lowest mCG density occurs in the first exons, followed by the last exons, and finally by the internal exons (Fig. S1B) . This result appears consistent with the previously reported decline in methylation density near the transcriptional start sites (7) , and the slight but sharp step-down of DNA methylation level at the transcriptional terminal sites (6) . Because the majority of DNA methylation was reported to occur in regions of low CpG density (defined as the number of CpG dinucleotides per 100 bp) (6, 7), we then examine whether the average CpG density differs among the three groups of exons. Indeed, we observe the highest average CpG density in the first exons, followed by the last exons, and then by the internal exons (Fig. S1C) . Overall, we show that when individual exons are considered, the previously reported distribution patterns of DNA methylation hold well.
Because DNA methylation has been implicated in the regulation of mRNA splicing, an interesting question is whether different exon types in alternative splicing differ in the level of DNA methylation (24) . We therefore examine the mCG densities separately for alternatively spliced exons (ASEs) and constitutively spliced exons (CSEs ; Table S1 ). Here, CSEs are exons that always occur in the transcript isoforms of a gene, whereas ASEs do not (Materials and Methods). We find that ASEs tend to have a higher level of average mCG density than CSEs (Fig.  S2A ). Though it remains unclear how DNA methylation might affect alternative splicing, our observation appears consistent with a previous report that CpG hypermethylation occurs frequently in alternatively spliced sites (25) . We further examine the mCG density separately for ASEs and CSEs in the first, last, or internal coding exons. Our result indicates that regardless of the CSE/ASE exon type, the internal exons have the highest level of mCG density, whereas the first exons have the lowest (Fig. S2B ). This observation suggests that the CSE/ASE exon type and the relative positions of an exon are both significantly correlated with exonic DNA methylation level.
Mutagenic Effect of DNA Methylation Varies Among Coding Exons.
We next analyzed the correlation between the exonic mCG density and the CpG O/E ratio (i.e., the ratio of the observed-toexpected number of CpG dinucleotides; SI Text). Of note, a low CpG O/E indicates a high level of C-to-T mutations, which has been reported to result mostly from DNA methylation (18, 26, 27) . Therefore, a negative correlation between DNA methylation level and CpG O/E is expected (10, 26, 27) . We assume that the coefficient of correlation between the two measurements reflects the proportion of methylated CpGs having actually undergone mutation. A larger absolute value of the coefficient may indicate a greater number of methylated CpGs having been mutated. Accordingly, we first examine the Pearson's coefficient of correlation (r) between CpG O/E and mCG density separately for the six cell lines. Fig. 1A shows that the coefficient falls between −0.18 and −0.35 (all P values < 10
−15
). We then evaluate the correlation separately for the first, last, and internal exons. Of interest, as illustrated in Fig. 1B , the highest correlation between CpG O/E and mCG density occurs in the first exons, followed by the last exons, and finally by the internal exons. Notably, this order is observed in all of the six examined cell lines, despite considerable variations in mCG density (Fig. S1A) and variations in the CpG O/E -mCG density correlation (Fig. 1A) . Our results imply that the mutagenic effect of DNA methylation is the strongest in the first exons and the weakest in the internal exons. Hence, DNA methylation may more easily induce C-to-T mutations in the first coding exons, despite the low levels of methylation in this exon group (Fig. S1B) . By contrast, the mutagenic effect appears to be strongly inhibited in the internal exons even though they exhibit the highest mCG density among the three exon groups (Fig. S1B ). This observation is suggestive of strong selective constraints on the internal exons.
To further investigate the selection pressures imposed on different exon groups, we calculated d N /d S , d N , and d S (SI Text) for the three groups of exons based on human-rhesus macaque and human-mouse orthologous genes. We find the highest median The left and right columns under each heading illustrate the correlations in human-macaque and human-mouse comparisons before and after controlling for the four potential confounding factors (CpG density, G + C content, exon length, and the CSE/ASE exon type). *P < 0.05, **P < 0.01, and ***P < 0.001. (Fig. 1C) . This observation appears consistent with our inference that the internal exons are subject to strong negative selection. However, for d S , the differences between exon groups are less clear (Fig. 1C) , which may be partly explained by alternative splicing, because synonymous sites of ASEs and CSEs have been suggested to be subject to different evolutionary forces (28) (Fig. S3 and SI Text).
Position-Dependent Correlations Between DNA Methylation and Coding Exon Evolution. We have demonstrated that coding exons in different genic positions have different levels of mCG density, and are subject to different levels of selective constraint. We are then interested to know whether such differences are reflected in the correlations between mCG density and the evolutionary measurements (i.e., d N , d S , and the d N /d S ratio) in the first, last, and internal exons. As shown in Fig. 2 A and B , Left, the mCG density is positively correlated with d N /d S and d N in the first exons in both human-macaque and human-mouse comparisons. By contrast, for the last and internal exons, the correlations are negative. Meanwhile, the correlations between mCG density and d S are less clear (Fig. 2C , columns labeled "Before control"). However, these results should be treated cautiously because several confounding factors have not been controlled. For example, CpG density is known to be negatively correlated with DNA methylation level (6) (Fig. S1C ). In addition, both G + C content and exon length have been shown to be positively correlated with evolutionary rates (27, 29) . Furthermore, the factor of CSE/ASE exon type should also be controlled because mCG density is associated with the CSE/ASE exon type ( Fig. S2 A and  B) , and because ASEs tend to evolve faster than CSEs (28, (30) (31) (32) . Thus, we reevaluate the above correlations by using partial correlation analyses (33) to simultaneously control for these four stated factors: CpG density, G + C content, exon length, and CSE/ASE exon type. Of interest, the negative correlations between protein evolutionary rates (i.e., d N /d S and d N ) and mCG density are maintained in the last and internal exons ( In addition to mCG density, the sample specificity of DNA methylation level (τ m ) may also be related to evolutionary rates, because this measurement reflects the spatiotemporal variations in DNA methylation level, which in turn may indicate the level of biological importance and potential selective constraints. Of note, τ m of an exonic region is defined as the heterogeneity of its DNA methylation level (Materials and Methods). A higher τ m value indicates a greater variation in the mCG density across the examined samples (i.e., higher sample specificity of DNA methylation level). Table S2 shows that d N /d S and d N are both positively correlated with τ m in all three exon groups. The correlations are maintained when the four stated confounding factors are controlled. One potential caveat here is that τ m may be correlated with DNA methylation level. We thus examine the correlation between the two methylation measurements. Interestingly, the two measurements are positively correlated in the first exons but negatively correlated in the last and internal exons ( Table 2 ). Because τ m is positively correlated with both d N /d S and d N (Table S2) , the results in Table 2 are consistent with our observation that the correlations between mCG density and d N are positive in the first exons but negative in the last and internal exons (Fig. 2) . To clarify which of the two features (τ m or mCG density) is more important for determining exonic evolutionary rates, we evaluate the partial correlations between each of the three evolutionary measurements (d N /d S , d N and d S ) and τ m (or the average mCG density) by simultaneously controlling for the average mCG density (or τ m ) and the four potential confounding factors. Our results show that for the first exons, d N /d S and d N are more strongly correlated with τ m than with the average mCG density, whereas the reverse is true for d S (Fig. S4, Top) . Meanwhile, for the internal and last exons, d N /d S and d N are more strongly correlated with the average mCG density, and d S has similar levels of correlation with both of the methylation measurements (Fig. S4 , Middle and Bottom). These results indicate that the first exons and nonfirst exons may be affected by different evolutionary forces. Furthermore, our observations indicate that τ m is more important than the average mCG density in affecting d N /d S and d N for the first exons. By contrast, the average mCG density is more important for the nonfirst exons in this regard.
Discussion
In this study, we use experimentally determined DNA methylation data to analyze the correlation between DNA methylation levels and evolutionary rates in coding exons. We first show that the first and nonfirst exons are subject to different evolutionary forces and different levels of DNA methylation. The order of average mCG density is first exons < last exons < internal exons (Fig. S1B) , whereas the reverse order applies for the average CpG density (Fig. S1C) , the mutagenic effect of DNA methylation (Fig. 1B) , and d N /d S and d N values (Fig. 1C) . In addition, d N and d S are both positively correlated with mCG density in the first exons (Fig. 2) , suggesting that more densely methylated first exons evolve more rapidly. There are two possible explanations for this observation. First, the first exons, which usually contain N-terminal signal peptides, appear to be under more relaxed selection pressure than other exons (34) . This relaxed selection pressure may cause the mutagenic effect of DNA methylation to be more evident, leading to higher d S and d N in this exon group. Second, the first exons tend to be part of CpG islands (35, 36) , in which a strong negative correlation between CpG O/E and mCG density has been previously reported (13) . Indeed, when we remove the first exons that overlap with CpG islands by ≥50% of the exon length, the absolute values of the coefficient of correlation decrease considerably (Fig. S5) . However, in general, the correlations remain statistically significant (Fig. S5) .
For the nonfirst exons (i.e., the internal and last exons), interestingly, the story is quite different. The mutagenic effect of DNA methylation is relatively weak in these exons (Fig. 1B) . Although highly methylated nonfirst exons have a higher d S , the opposite is observed for d N (Fig. 2 B and C) . Thus, the d N /d S ratios are negatively correlated with mCG density for these exons (Fig. 2A) . In other words, d N /d S and d N decrease with increasing levels of CpG methylation in the nonfirst exons. The differences between the first and nonfirst exons in the mCG density-evolutionary rate correlations may be explained if mCG density influences the splicing/expression level differentially in different groups of exons. Because the RNA sequencing (RNA-seq) data produced by high-throughput transcriptome sequencing are available for samples S2 and S3 (Table 1) , we may evaluate the correlation between mCG density and exonic expression level (SI Text) for these two samples. As expected, Spearman's rank correlation tests show that the exonic expression level is negatively correlated with d N /d S and d N in all of the three exon groups in both of human-macaque and humanmouse comparisons (Table S3) . Interestingly, we also find that mCG density and exonic expression levels are negatively correlated in the first exons but positively correlated in the nonfirst exons (Table S4) . Thus, our results suggest that mCG density is differentially associated with the expression level in different exon groups. These results may partly explain why d N and CpG methylation are positively correlated in the first exons but negatively correlated in the nonfirst exons. Of note, the first exons are considered by some researchers as part of CpG islands (35, 36) , or as part of the promoter region (37, 38) . Therefore, the observed differences between the first exons and nonfirst exons may be viewed as the differential influences of DNA methylation on the potential promoter regions and the rest of the coding sequences. Furthermore, a previous study by Laurent et al. (6) indicated that the level of gene expression (from microarray analysis) is negatively correlated with DNA methylation around the transcription start sites, but is positively correlated with mCG density in the gene body and in the regions around the transcription termination sites (6) . Although our results appear to echo this previous report, our study presents the first work to demonstrate that the exonic DNA methylation level is differentially associated with the expression level and evolutionary rates of exons at different relative positions in the gene. We use RNA-seq data to achieve this exon-level resolution of mRNA expression. By contrast, the study by Laurent et al. (6) measured the mRNA expression level of the gene as a whole using the microarray approach; therefore, their results are applicable for entire genes, rather than individual exons, as demonstrated in this study.
Meanwhile, the correlation between DNA methylation level and RNA-seq-based gene expression level was also explored in a study by Lister et al. (7) , the dataset of which was included in our study (samples S2 and S3 in Table 1 ). Lister et al. (7) explored the correlation between gene body methylation level and mRNA expression level for genes as a whole. They found the correlation to be positive in one cell line (sample S3), whereas the correlation was statistically insignificant in the other (sample S2) (7). In the current study, we took the research one step further by analyzing the same correlation at the exon level. Interestingly, we obtained consistent results for both cell lines: the correlation between exonic mCG density and exonic expression level is negative for the first exons but positive for the nonfirst exons (Table S4) . This difference between the first and nonfirst exons may partly explain why Lister et al. (7) obtained inconsistent results from different cell lines: the positive and negative correlations of different exon groups may occasionally cancel each other out, leading to a lack of correlation when a gene is considered as a whole.
One interesting finding in our study is that the sample specificity of τ m is positively correlated with d N /d S and d N in all three exon groups (Table S2 ). The observation that τ m and mCG density are positively correlated in the first exons but are negative correlated in the nonfirst exons (Table 2) is interesting. We speculate that the lower mCG density of the first exons may indicate less epigenetic suppression of transcriptional initiation (8), and therefore a higher level of exonic expression (Table S4 ). Furthermore, highly expressed genes tend to have lower tissue specificity of expression (18, 39) , which may be reflected in the low tissue specificity of τ m in the first exons. These interconnections between biological features may have led to the positive correlation between mCG density and τ m . By contrast, a low level of DNA methylation in the nonfirst exons is associated with a low exonic expression level (Table S4) , but a high τ m ( Table 2) . We speculate that the DNA methylation level may be associated with the splicing and/or exonic expression levels of the nonfirst exons, which in turn are correlated with exonic evolutionary rates. The correlations among mGC density, τ m , exonic expression level, and exonic evolutionary rates are summarized in Fig. 3 .
Our study analyzes the relationship between experimentally determined CpG methylation level and exon-level sequence evolution in mammals. Our results indicate that (i) highly methylated coding regions tend to have higher d S values than lowly methylated regions, regardless of the relative positions of exons (i.e., first, internal, or last exons); and (ii) highly methylated first exons tend to have higher d N values, higher levels of exonic expression, and lower levels of sample specificity of mCG density than lowly methylated ones, whereas the reverse applies for the internal and last exons. The differences between the first exons and nonfirst exons may result from the differential biological effects of DNA methylation in different groups of exons. In the first exons, DNA methylation appears to induce spontaneous C-to-T mutations more easily (Fig.  1B) , thus increasing both d S and d N (Fig. 2 B and C) . By contrast, DNA methylation-induced mutations in the nonfirst exons seem to be strongly inhibited, leading to a weaker correlation between mCG density and CpG O/E (Fig. 1B) . Furthermore, the levels of DNA methylation and exonic expression are negatively correlated in the first exons, but positively correlated in the nonfirst exons. Therefore, our study indicates that DNA methylation may be correlated with the evolution of mammalian coding exons in an unexpectedly complex, position-dependent pattern.
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Materials and Methods
Data Retrieval. The base-resolution DNA methylation data from six human cell lines (Table 1) was generated with bisulfite (samples S1, S4, S5, and S6) or methylC (samples S2 and S3) sequencing, and was downloaded from NGSmethDB (http://bioinfo2.ugr.es/meth/NGSmethDB.php) (40) . To ensure accuracy, only the CpG dinucleotides that are covered by five or more bisulfite/methylC reads were retained (such CpG dinucleotides are designated as "sampled CpGs"). The methylation status of a CpG site was expressed as a 0-100% frequency (defined as the percentage of reads that support the methylation status at the CpG site). Only the CpGs with a methylation frequency of ≥80% were regarded as methylated (6, 41) , and designated as "mCGs." To ensure that the examined CDSs contain sufficient information for estimations of the methylation level, only the CDSs that contained ≥10 sampled CpGs were considered. Furthermore, because the accuracy of evolutionary rate measures may be compromised in the case of short exons (e.g., <50 bp) (29, 30, 42) , we only considered the CDSs with ≥50 bp in length. In fact, more than 90% of the examined CDSs are ≥100 bp in length. Thus, the potential noise in evolutionary rate estimates should be limited. The RNA-seq data derived from samples S2 (H1 human ES cells) and S3 (IMR90) were downloaded from the study by Lister et al. (7) . The CpG island data were downloaded from the University of California at Santa Cruz genome browser (http://genome.ucsc.edu/). The human gene annotations and the corresponding coding sequences were downloaded from the Ensembl genome browser (http://www.ensembl.org/), version 59. According to the relative positions of exons in the Ensembl-annotated genes, the retrieved coding exonic regions were divided into three groups: first, internal, and last exons. The CDSs that overlap with noncoding RNAs or pseudogenes were excluded. Single-exon genes were also excluded. In addition, the CSEs were defined as exonic regions that are annotated as CDSs in all alternatively spliced transcripts of a gene, whereas ASEs were defined as exonic regions that are annotated as CDSs in some alternatively spliced transcripts, but as introns in other transcripts of a gene. All of the retrieved alternatively spliced transcripts (transcripts encoded by the same Ensembl-annotated genes) are experimentally supported.
Measurement of mCG Density. The methylation level of a particular exonic region was measured by calculating the density of mCG per 100 CpG dinucleotides, which was defined as number of mCGs × 100 number of all CpGs sampled :
Measurement of Sample Specificity of mCG Density. τ m was defined as P n i¼1 1 − log 2 ðSðiÞ + κÞ log 2 ðMaxðSÞ + κÞ n − 1 ;
where n = 6 is the number of human samples examined in this study, S(i) indicates the mCG density of the exon of interest in sample i, and Max(S) is the highest mCG density of the exon across all examined samples. The measurement of τ m value is similar to that usually applied for evaluating tissue specificity of gene expression (16) . ĸ is a pseudocount arbitrarily set as 10 to avoid the occurrence of undefined values. τ m ranges from 0 to 1, with higher τ m values indicating greater variations (and higher sample specificities) in the level of mCG density across samples.
